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Abstract
This thesis deals with how a degraded track geometry influences further degradation of
the geometry and the formation of rolling contact fatigue (RCF) and wear of rails. The
overall objective is optimisation of railway maintenance. For this, further understanding
and quantification of the deterioration of track components are needed.
Dynamic multibody simulations have been performed featuring different wagons, and
a track with different curve radii and different levels of track geometry degradation. With
the resulting wheel/rail interaction degradation indicators are evaluated. Increased track
shift forces are considered as an indicator of further track geometry degradation. Two
different RCF indices (one shakedown map based and one wear number based) are used
to quantify surface degradation of rails.
Measured lateral track irregularities were found to follow a normal distribution reason-
ably well. Furthermore, the standard deviation of track shift forces was shown to have a
linear relationship with the standard deviation of the lateral irregularities.
For large curve radii an increase of the level of lateral irregularities increases the length
of rail affected by RCF. The opposite is predicted for small curve radii where the length
of rail affected by RCF decreases with increasing levels of lateral irregularities. For very
small curve radii it was shown that the degradation mechanism shifts from pure wear for
low levels of lateral irregularities to a mixed wear/RCF degradation for higher levels of
lateral irregularities. Amplification of lateral irregularities in different wavelength spans
revealed that an amplification of longer wavelengths (between 10–50 metres) had the
largest influence on the length of rail affected by RCF in shallow curves.
A correlation study between predicted tangential wheel/rail contact forces and lateral
irregularities (amplitudes of the irregularities, first order derivatives and second order
derivatives) was carried out. No significant correlation was found.
Keywords: Railway track geometry, track irregularities, track maintenance, multibody
dynamics simulations, rolling contact fatigue, wear
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Part I
Extended Summary
The intention of this extended summary is to present the main results from the two
appended papers and to place them within a broader context together with results and
findings from other related studies in the literature.
1 Introduction
1.1 Background
Maintenance of railways is a cornerstone in safe and reliable passenger and freight
transportation. If maintenance is neglected, not performed properly, or performed too
late the consequences could range from more extensive and expensive maintenance actions
to fatal accidents. An additional and less severe consequence of bad maintenance is that
the train ride may become less pleasant for passengers.
The total length of track in Sweden was 12077 kilometres in 2008 [44] which conse-
quently is the length of track that had to be maintained. To be able to perform the
maintenance actions at optimum time and with an optimum amount of efforts would lead
to great savings.
In general maintenance actions can be divided into two areas: corrective and preventive.
Corrective maintenance is defined as actions taken when a fault has occurred and preventive
maintenance as actions taken before a fault has occurred. Corrective maintenance is
typically more costly than preventive maintenance, experience from industry indicates at
least a three-fold increase in costs [12]. Preventive maintenance can be further divided
into two sub-areas: condition based and predetermined maintenance [1].
Typical maintenance actions that can be taken are tamping, ballast regulation, ballast
stabilising, rail grinding, joint straightening, and ballast cleaning [13]. The maintenance
actions mainly related to track geometry degradation and rail degradation are tamping
and rail grinding. The deterioration of the track geometry is manifested as development
of track geometry irregularities. A remedy is tamping (lining) where the track geometry
is restored into its nominal geometry by shifting the track both vertically and laterally,
and if necessary adding and tamping the ballast.
Deterioration of rails manifests itself in e.g. wear, corrugation and fatigue. In all
mentioned cases grinding is used as a maintenance action. In the case of wear and
corrugation the aim is to restore the shape of the rail profile. In the case of fatigue (more
accurately surface initiated rolling contact fatigue (RCF)) the aim of grinding is to remove
the layer of material with RCF cracks. The grinding can either be preventive or corrective
[18]. In preventive grinding the rails are ground regularly to minimise the risk of cracks
becoming substantial defects. Preventive grinding has also the positive effect that the
rail profile is restored to a favourable shape which controls contact stresses, creepage,
and rail surface roughness [7, 33]. This minimises the crack initiation and propagation
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rates. Corrective grinding (or milling) is performed to prevent the risk of rail breaks if
individual RCF cracks or rail sections subjected to RCF are detected.
To optimise the predetermined maintenance, predictive models of track and rail
deterioration are needed. These predictive models could be probabilistic, mechanistic
or empirical [1]. In this work the aim is to develop mechanistic or empirical models of
deterioration (or a combination of these two).
Multibody simulations of the train/track interaction has been employed as the main
tool to study the degradation of track and rails. The starting point is a degraded track
geometry which is employed in multibody simulations. With the resulting wheel/rail
interaction parameters from the simulations, different measures of degradation can be
evaluated. By using different levels of degraded track geometry, from a newly tamped
track (with low or no degradation) to a track being worse than the currently allowed
track quality, the whole degradation cycle of a track can be evaluated.
1.2 Aim
The main aim of the PhD-project, of which this thesis is one part, is to develop predictive
models of material deterioration of rails and wheels. The predictive models should give
valuable help in maintenance optimisation and/or in maintenance planning. The outline
of the project aims can broadly be divided into four parts:
1. To identify current degradation models.
2. To identify how deterioration of wheels and rails can be related to operational
conditions.
3. To quantify the effects of altered operational conditions on track and wheel degra-
dation.
4. To extract operational load spectra and resulting damage spectra.
In the present thesis the focus has been on the degradation of rails (and track).
1.3 Limitations
The first limitation of this thesis is the use of multibody dynamics simulations. The
accuracy of these simulations is directly linked to the accuracy of the numerical model.
The wagon models employed have been verified as described in the literature [4, 5, 23]. Still
results obtained from simulations will differ from the “real” values. Some of the reasons
behind this are the uncertainty of friction coefficients, manufacturing tolerances and the
simplified assumption of rigid bodies in the numerical models. Another limitation in this
thesis is the use of nominal wheel and rail profiles. This was employed to keep the number
of variables in simulations at manageable levels. A drawback of this simplification is that
the employed wheel/rail combination is prone to two-point contact (i.e. two simultaneous
contact points between the wheel and the rail).
Nevertheless, the general conclusions drawn regarding the influence of degraded track
geometry on further degradation of the track and rails with the aid of the numerical
simulations should be valid. A motivation for this is that the simplifications should give
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errors that are fairly independent of the track geometry. One could argue that, e.g. for the
case of two-point contact this is not the case. However at such lateral wheel displacement
the loading will be severe regardless of the two-point contact. In essence the difference
will thus be in the magnitude of the trend.
2 Numerical modelling
2.1 Simulation tools
GENSYS [17] is a multibody dynamics simulation package specialised on train/track
dynamics. Quasi-static, modal, frequency-response and time-domain analyses can be
performed. In this thesis mainly time-domain analyses were performed (sometimes with an
initial quasi-static analysis to serve as input to a subsequent time-domain analysis). The
simulation package also includes supporting programs, e.g. for the generation of wheel/rail
geometric functions and generation of track irregularity input files from measured irreg-
ularities. However, the track irregularity input files used in this thesis were generated
by in-house Matlab scripts. Furthermore, post-processing of results was performed in
Matlab.
2.2 Vehicle models
Three vehicle models have been employed in the multibody dynamics simulations: an
iron ore wagon with three-piece bogies, a freight wagon with Y25-bogies, and a generic
locomotive. Brief descriptions of the wagons are provided in the following sections.
Table 2.1 shows the general vehicle properties. In the iron ore and freight wagons damping
is achieved by friction, e.g. side bearers, centre-pivot/plates, friction wedges (in the
Table 2.1: Vehicle properties [4, 5, 17, 23].
Heavy haul wagon Freight wagon Generic locomo-
tive
Designation Kockums Industrier
Fammoorr050
Kockums Industrier
Smmnps951
GENSYS
Length between centre
line of couplers 10 300 mm 14 240 mm N/A
Bogie type three-piece Y25-TTV N/A
Bogie c/c distance 6 744 mm 9 200 mm 13 000 mm
Axle bogie distance 1 778 mm 1 800 mm 3 000 mm
Wheel diameter 915 mm 920 mm 1 000 mm
Total height 3 640 mm 1 800 mm N/A
Tare weight 21.6 tons 20.3 tons
total 80 tons
Load capacity 102 tons 79.7 tons
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three-piece bogie) and Lenoir links (in the Y25-bogie). In the locomotive viscous damping
is employed.
For all vehicle models a standard (in Sweden) track gauge of 1435 mm is employed.
The employed friction coefficient in the wheel/rail contact is 0.4 unless otherwise stated.
2.2.1 Iron ore wagon
The iron ore wagon is a specialised wagon for the Iron Ore Line in northern Sweden.
The maximum axle load is 30 tons and when loaded the maximum speed of the wagon
is 60 km/h. The iron ore wagon has three-piece bogies (Amsted Rails M976 Motion
Control R©) as shown in Figure 2.1.
Figure 2.1: Assembly of a three-piece bogie used in the iron ore wagon (from [5]). See text
for a description of the numbered parts.
The main parts in Figure 2.1 are:
1. Side frame – Connected to the bolster (2) with the coil spring assembly (5) and to
the wheelset (7) with the adapter (6).
2. Bolster – The central plate on the bolster connects the bogie to the carbody.
3. Side bearer – Carries some of the load from the car body. Increases the stability of
the vehicle due to increased damping in the longitudinal direction.
4. Friction wedge – Wedge between bolster and side frame which by friction provides
damping.
5. Coil spring assembly – The main suspension of the bogie.
6. Adapter – Connects the wheelset (via a bearing) with the side frame and provides
an elastic coupling in lateral and longitudinal directions.
7. Wheelset – Wheel profile UNO-WP-4.
Nominal rail profiles 50E3 with an 1:30 inclination are employed. The numerical model of
the vehicle was developed by Bogojevic´ [4, 5].
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2.2.2 Freight wagon
The freight wagon is modelled after a steel ingot transport wagon. The maximum axle
load is 25 tons and the maximum speed when fully loaded is 100 km/h. The bogies are
modified Y25-bogies (Y25-TTV) and the main parts are (see also Figure 2.2):
Figure 2.2: Y25-bogie of the freight wagon. See text for an explanation of the parts
(courtesy of Igor Antolovic at Kockums Industrier AB).
1. Bogie frame
2. Centre-pivot – Transfers the main part of the loads from the carbody to the bogie.
The centre-pivot can be regarded as a spherical plain bearing which enables rotation
in all directions between the bogie and carbody.
3. Side bearer – Carries some of the load from the car body. Increases the stability of
the vehicle due to increased damping in the longitudinal direction. Furthermore
they will reduce the roll of the carbody.
4. Primary suspension – Load dependent vertical damping is provided by the so called
Lenoir link.
5. Wheelset – Wheel profile EN S1002t32.5.
Nominal rail profiles 50E3 with an 1:30 inclination are employed. The model was
originally developed and verified by Jendel [23]. Since then the model has been modified
to take advantage of new functionalities of the simulation package.
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2.2.3 Generic locomotive
The locomotive is a generic model of a two bogie railway vehicle (Bo’Bo’) as included
in the GENSYS simulation package. The main difference between the locomotive model
and the two other models is that the damping in the locomotive model is achieved by
viscous damping in contrast to friction damping in the other models. The axle load of the
locomotive is 20 tons. Nominal wheel profiles (EN S1002t32.5) and nominal rail profiles
UIC60 with 1:30 inclination are employed. Results from multibody simulations employing
the generic locomotive model are only presented in this extended summary (i.e. no results
using this model are presented in Paper A and Paper B).
3 Degradation of track geometry
3.1 Definition of track geometry
The track geometry can be described by the nominal geometry and irregularities. The
nominal track geometry consists of vertical curvature, horizontal curvature, gradient (i.e.
slope of track), track gauge and cross level (cant). Track irregularities are defined as the
deviation of the actual track geometry from the nominal (designed) track geometry.
Definitions of track geometry measures according to [38] are as follows:
• Longitudinal level or vertical alignment: vertical deviation of the running table1
from the reference line2. Measured for both rails.
• Lateral alignment or alignment: lateral deviation of both rails measured from a
point between 0 to 14 mm below the running surface3, see also Figure 3.1.
• Track gauge: track gauge is the shortest distance between the rails measured between
0 to 14 mm below the running surface, see also Figure 3.2.
• Cross level: cross level is evaluated from the angle between the running surface and
horizontal reference plane. It is expressed as the vertical distance between the rails
for a hypotenuse of 1500 mm for a nominal gauge of 1435 mm. For curved tracks
cross level is often referred to as cant.
• Twist: the algebraic difference between two cross levels taken a defined distance
apart.
Missing from the above list are vertical curvature, horizontal curvature and gradient.
In this work, instead of curvatures, the curve radius is presented (i.e. the inverse of the
curvature). Furthermore, vertical and lateral track irregularities are here defined as the
deviation (in their respective direction) between the track’s centreline and the reference
centreline (i.e. as the average deviation of both rails).
1Upper surface of the head of the rail.
2Mean position.
3Surface tangential to running tables of the left and right rails.
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Figure 3.1: Lateral alignment as defined in [38]. Dash-dotted rail profile represents the
nominal (mean) position of the rail.
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Figure 3.2: Track gauge as defined in [38].
3.2 Quantification of degraded track geometry
A number of track geometry degradation measures are defined in norms and standards.
These norms and standards are historically specific for each country. In this section
permissible levels for isolated defects and track qualities are given as defined in European
standards (which are, or are in progress to become, national standards for many European
countries). In general the purpose of the permissible levels of the isolated defects are to
ensure that the safety is not jeopardised whilst the permissible levels for track quality can
be seen as measures to ensure that the ride comfort does not become too bad.
3.2.1 Isolated defects
A classification of isolated track geometry defects is given in [39]. The isolated defects are
divided into three groups based on the severity of the defect and on the time scale when
mitigating actions have to be taken to correct the defect. The three groups are:
• Immediate Action Limit: if this value is exceeded then mitigation actions have to
be taken immediately (e.g. immediate tamping, closing of the line or reduced speed
limits).
• Intervention Limit: if this value is exceeded then corrective maintenance has to be
performed in order to ensure that the immediate action limit is not reached before
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the next inspection.
• Alert Limit: if this value is exceeded then correction of track geometry has to be
considered in the regular planning of maintenance operations.
Of these, only the immediate action limits are given as binding values in the standard
whereas the two other limits are provided as guidelines for maintenance planning. In
Table 3.1 the immediate action limits and alert limits for lateral alignment are given. The
immediate action limits are less stringent than current limits in Sweden as specified in
[19]. The alert limit values are roughly half of the immediate action limit values.
Table 3.1: Immediate action limits and alert limits for lateral aligment at an isolated
defect with a wavelength of 3 to 25 metres [39].
Speed [km/h]
Immediate action limit Alert limit
Zero to Peak value [mm] Zero to Peak value [mm]
v ≤ 80 22 12 to 15
80 < v ≤ 120 17 8 to 11
120 < v ≤ 160 14 6 to 9
160 < v ≤ 230 12 5 to 8
230 < v ≤ 300 10 4 to 7
3.2.2 Track quality measures
A common quantification measure of track geometry quality is the standard deviation of
irregularities over a specified length. The standard deviation is calculated as:
s =
√√√√ 1
n− 1
n∑
i=1
(δi − δ)2 (3.1)
where δi is the measured irregularity, δ is the mean value, and n is the number of
measurements.
Maximum permissible values of the standard deviation for track irregularities are
related to the maximum line speed and quality class of the track. As an example, prEN
13848-6 [40] limits of the standard deviations for alignment (in a wavelength span of 3
to 25 metres evaluated over a length of 200 metres) are presented in Table 3.2. Limits
and track quality classes were obtained by surveying track qualities around Europe. The
track quality classes are defined as:
• Class A: best 10% of the cumulative distribution of the measured standard deviations
• Class B: between 10% and 30%
• Class C: between 30% and 70%
• Class D: between 70% and 90%
• Class E: above 90%
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Table 3.2: Limit of standard deviation of alignment (in [mm]) according to [40] (average
of the standard deviations of left and right rails).
Speed [km/h]
Track quality class
A B C D E
v ≤ 80 < 0.90 1.25 1.95 2.7 > 2.70
80 < v ≤ 120 < 0.50 0.70 1.05 1.45 > 1.45
120 < v ≤ 160 < 0.45 0.55 0.75 1.00 > 1.00
160 < v ≤ 230 < 0.40 0.50 0.70 0.90 > 0.90
230 < v ≤ 300 < 0.35 0.40 0.50 0.65 > 0.65
v > 300 N/A N/A N/A N/A N/A
3.2.3 Track shift forces
The lateral track shift force is the total lateral force induced by the wheelset on the track
(see Figure 3.3). High track shift forces may lead to large permanent deformations of
the track. Therefore a safety limit criterion has been proposed [45]. According to this
criterion the 2 metre moving average of the track shift force Y2m [kN] may not exceed
Y2m ≤ K
(
10 +
2Q0
3
)
(3.2)
where K = 0.85 for freight wagons and K = 1 for passenger vehicles. Furthermore,
Q0 [kN] is the static vertical wheel force.
Ql Qr
YrYl
Ql
Yl
Qr
Yr
Y
Y = Yl -  Yr
Figure 3.3: Definition of lateral track shift force Y , vertical wheel force (Ql, Qr; left and
right respectively) and lateral wheel force (Yl, Yr). View in the rolling direction of the
wheelset.
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3.3 Characteristics of track geometry degradation
Track geometry degradation is caused by a re-arrangement of ballast particles due to
loads and vibrations from passing train. Furthermore, the loss of angularity of the ballast
particles due to tamping actions lead to increased deterioration rates over time since the
interlocking between the particles is not as effective when the ballast stones become more
rounded [35].
The characteristics of track geometry deterioration was investigated in [37]. Some of
the conclusions are reiterated below:
• Both the vertical and lateral alignment deteriorate linearly with tonnage or time
between maintenance operations after the first initial settlement. This trend is not
always seen for sections with high deterioration rates.
• The rate of deterioration is very different from section to section even for apparently
identical sections carrying the same traffic.
• The rate of deterioration appears to be a constant parameter for a section of track
regardless of the quality achieved by the maintenance machine.
The first point in the above list is illustrated in Figure 3.4 where it is illustrated how
the fast deterioration rate after tamping becomes more or less linear after some time.
The two first points in the list have been demonstrated in [2] for a Portuguese rail line.
Furthermore the second point is validated in [3] where a distribution of longitudinal
deterioration rates for the Iron Ore Line in Sweden is presented. Some locations on the
line have exceptionally high deterioration rates in comparison to the main part of the line.
Furthermore in [3], seasonal variations in track geometry faults that have to be corrected
are found.
Time
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Figure 3.4: Schematic illustration of track geometry deterioration over time.
In [13] mean deterioration rates of track geometry are presented. Vertical irregularities
deteriorate at a mean rate between 0.7 to 1.4 mm per 100 MGT (million gross tonnes).
In comparison the lateral mean deterioration rate is smaller, between 0.3 to 0.8 mm per
100 MGT. In cases where both the mean vertical and mean lateral deterioration rates
are presented the vertical deterioration rate is between 1.4 to 3.7 times higher than the
lateral deterioration rate. For the Iron Ore Line similar longitudinal deterioration rates
have been presented in [3].
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In [20, 21] studies on which vehicle parameters that influence the vertical deterioration
of track geometry are presented. The parameters with the greatest influence are train
speed and suspension damping. Total mass of the vehicle (and the load) also had an
influence on the deterioration although not as great as speed and damping. Unsprung
mass and suspension stiffness had little or no influence on the vertical deterioration of
track geometry.
In Paper A track shift forces were evaluated for different levels of lateral deterioration
of the track geometry. A roughly linear relationship between the standard deviations of
the lateral irregularities and track shift forces was found. Furthermore, a variation in the
wheel/rail friction coefficient did not give any significant influence on predicted track shift
forces.
4 Degradation of rails
4.1 Surface rail defects
In this section several types of surface damage of rails are described. The same types of
surface defects on a rail may have different denotations in the literature. References used
in this section are [7, 9, 14, 32].
4.1.1 Head checks
Head check cracks are manifested as closely spaced cracks of similar direction and size.
They are caused by a combination of high normal and tangential stresses at the wheel/rail
contact typically at the gauge corner. The stresses cause severe shearing of the surface
layer of the rail that leads to fatigue and/or exhaustion of the ductility of the material. The
initial microscopic cracks propagate at a shallow angle through the plastically deformed
(anisotropic) material in the surface layer. When the crack has grown to a depth where
there are no significant plastic deformation of the (isotropic) material different types of
damage may develop depending on in which direction crack propagation continues. If
the cracks branch towards the surface (or merge with other cracks), parts of the surface
material may break loose. This is often called spalling and is regarded as a relatively
harmless form of damage. If instead the crack grows and propagates downwards the end
result may be a transverse failure of the rail. Needless to say, a transverse failure of the
rail may have serious consequences. The depth below the surface where the microstructure
becomes isotropic has been shown experimentally to be between 1 to 5 mm depending on
the hardness of the rail [22] (the harder rails generally have a smaller depth of plastically
deformed material given the same operational loading).
Crack mouths are generally oriented perpendicularly to the acting creep forces [32].
In curves the cracks are oriented at an angle due to the combined influence of lateral and
longitudinal creep forces. Head checking at the gauge corner is often called gauge corner
cracking (GCC), see also Figure 4.1. These cracks may occur on long rail lengths (e.g.
throughout a curve) or they may be found in clusters (e.g. due to track irregularities) [32].
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(a) (b)
Figure 4.1: Typical appearance of (a) head checks on the gauge corner of the high rail and
(b) head checks on the top surface.
4.1.2 Plastic deformation and wear
Due to the high contact forces in the wheel/rail interface, plastic deformation of the rail
is common. In curves, the plastic deformation may lead to a lip (or bulge) below the
gauge corner of the outer rail [34]. On the inner rail plastic flow towards the field side
may occur, see e.g. [46]. Plastic deformation may also occur on the top of the inner rail.
Wear is closely related to RCF and can be seen as a competing damage mechanism.
Wear usually dominates at small radii curves and RCF at shallow curves [41]. Wear is
usually the dominant damage mechanism for curves up to some 700 to 1000 metres, and
RCF is the dominant damage mechanism for curves with a radius between some 500 to
5000 metres [36]. As it can be noted there is quite an overlap in the curve radius ranges
where wear and RCF are dominant damage mechanisms. Reasons for this is the influence
of the running gear of operating vehicles and rail/wheel lubrication. At sharp curves wear
takes place at the gauge corner of the outer rail and on the top surface of the inner rail.
Different wear mechanisms may affect the gauge corner and top surface [34]. For the
gauge corner severe wear is typically the dominating mechanism and for the top surface
mild wear is usually predominant. Furthermore, the difference in wear rate between the
gauge corner and top surface may be as large as a factor of 10 [34].
Wear may be regarded as a track geometry irregularity if the gauge corner wear
becomes substantial [14]. In such case the track gauge (see Section 3.1) increases.
4.2 Models for prediction of RCF
In this section two RCF prediction models are presented. Both models are related to
surface initiated RCF which correspond, e.g. to head check formation as discussed in
Section 4.1. In one of the models the influence of wear is included.
A prediction model for surface initiated RCF is presented in [10]. The RCF prediction
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model sets out from the shakedown map [24] where surface initiated RCF is linked to the
occurrence of plastic flow in the contact surface. An RCF index, FIsurf , is defined as the
horizontal distance between the utilised friction coefficient and normalised vertical load in
the shakedown map (see Figure 4.2) and can be formulated as:
FIsurf ≡ f − 1
ν
= f − 2piabk
3|Fz| (4.1)
where a and b are the semi-axes of the presumed Hertzian contact patch, k the yield
strength of the material in cyclic shear (in the thesis taken as 300 MPa) and
f =
√
F 2x + F
2
y /
√
F 2z is the utilised friction coefficient with the tangential longitu-
dinal Fx and lateral Fy wheel/rail contact forces, and the normal (vertical) wheel/rail
contact force Fz (coordinate system is shown in Figure 3.1).
Figure 4.2: Definition of FIsurf in the shakedown map (from [10]).
Comparisons of predicted FIsurf values and experimentally found fatigue lives (from
a full-scale roller rig, a full-scale linear test rig, and a twin-disk machine) indicated a
Wo¨hler-like relationship [25]
FIsurf = 1.78 · (Nf)−0.25 (4.2)
where Nf is the fatigue life. Equation 4.2 can be expressed as the surface RCF damage
per cycle D ≡ 1/Nf , as
D =
(FIsurf)
4
10
∀FIsurf ≥ 0. (4.3)
A different RCF prediction model is presented in [6]. Here a damage energy parameter
based on the wear number, Tγ = Fxγx + Fyγy (where γx and γy are the creepages in
longitudinal and lateral directions, respectively), is employed. Tγ represents the energy
dissipated in the contact patch. Damage is predicted according to the relationship in
Figure 4.3. The criterion states that no damage is predicted for Tγ ≤ 15 N, an increase
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of RCF damage in the interval 15 N < Tγ ≤ 65 N, and a decrease of RCF damage for
65 N < Tγ ≤ 175 N. Finally, for Tγ > 175 N wear is considered to be the dominating
damage mechanism. The damage function was constructed by correlating measurements
(of locations with RCF cracks) at six different sites (in the UK) to results from multibody
simulations.
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Figure 4.3: Damage function for Tγ.
In [42] a classification of the severity of RCF based on both FIsurf and the wear
number Tγ is presented . Figure 4.4 shows three areas where area 1 indicates high risk
for RCF, area 2 indicates some risk for RCF, and area 3 indicates a low risk for RCF.
It should be noted that the classification was derived for the inner wheel of the leading
wheelset of a passenger train but it should also be applicable as a general guideline for
the high rail in curves.
Figure 4.4: RCF risk assesment map from [42]. FI is FIsurf and D is the relative wear
number based RCF damage (D=1 equals the maximum value of the damage function).
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4.3 Factors influencing rail degradation
The common parameter in the shakedown map and the wear number based RCF prediction
models is the tangential force. Curve radii and lateral track irregularities have a large
influence on the tangential force.
The main global parameter that dictates the degradation of a rail is the curve radius.
In general, the dominant degradation mechanism is wear for small curve radii and RCF
for larger curve radii. An example of this can be seen in Figure 4.5 where length of rail
affected by RCF or wear as predicted with the Tγ-criterion is presented. For the high
rail of the 438 metre radius curve wear is the dominating damage mechanism and for the
1578 metre radius curve RCF is the dominating damage mechanism. What constitutes a
small or large curve radius in this context depends on vehicle properties and (deteriorated)
track geometry. For a track geometry without any irregularities, a step-like relationship
between curve radius and RCF can be expected (as shown in Figure 4.6). For decreasingly
smaller curve radii there is a sudden jump from no predicted RCF over the length of the
curve to RCF predicted for the whole curve (from a purely quasi static point-of-view). For
the curve radius where the RCF “jump” takes place the tangential creep forces are just
large enough to cause RCF. A similar reasoning may be made regarding the influence of
curve radius on predicted wear where both creep forces and creepage has to be taken into
account (if a wear number based wear criterion is considered). A closely related parameter
is the primary yaw stiffness of a wagon. In [48] an investigation with a two-axle wagon
showed that in small radius curves RCF increases with increased primary yaw stiffness.
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Figure 4.5: Percentage of length of high rail where 15N < Tγ < 175N (RCF) and where
Tγ ≥ 175N (wear) is predicted for a 438 metre and 1578 metre radius curves on the Iron
ore line (see Paper A for a description of the curves) for freight wagon with Y25-bogies.
The influence of lateral irregularities on RCF is mostly pronounced for curves with
large radii. In these large radius curves a more laterally degraded track geometry leads to
more RCF (see Figure 4.6 and paper B). Employing Eq. 3.1 in a wavelength span of
3 to 25 metres (see 3.2.2) on low and high levels of (filtered) irregularities employed in
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the multibody simulations of Paper B gives standard deviations of about 0.6 mm and
1.1 mm, respectively. Relating these standard deviations to the track quality measures
in Table 3.2 it can be noted that both standard deviations are high for the high speed
lines while representing reasonable values for low speed lines. In [47] it is stated that for
curves more shallow than 1800 metres improving lateral alignment is the primary RCF
mitigation measure. For small curve radii where wear is the dominant damage mechanism
an increase of lateral irregularities leads to a mixed wear/RCF damage on the rail. An
example of this can be seen in Figure 4.5 where, for the high rail of the 438 metre radius
curve, the length of wear affected rail decreases almost at the same rate as the length of
RCF affected rail increases for increasing levels of lateral irregularities.
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Figure 4.6: Percentage of rail length with RCF as predicted by FIsurf . Cant deficiency of
39 mm for both vehicles.
Increasing the cant deficiency is proposed as one RCF mitigation measure for curve
radii between 1000 and 1800 metres [47]. The reasoning behind this is that an increased
cant deficiency shifts the trailing wheelset of a bogie towards the high rail and thus lowers
the angle of attack of the leading wheelset. This leads to smaller creep forces for the
leading wheelset (i.e. reducing RCF) but increases the creep forces for the trailing wheelset
(although not to a such extent that it will increase RCF significantly).
The influence of wheel conicity on RCF is studied in [48]. It is reported that a larger
conicity leads to more RCF in large radius curves (in this case 1500 metres radius for a
wagon with enhanced three-piece bogie). This is explained by the fact that a small offset
in the lateral position of the wheelset causes larger longitudinal creep forces. For small
radius curves an increased conicity increases the steering capability and thus less RCF is
predicted. Naturally the opposite is predicted for reduced conicity.
The influence of hollow worn wheel profiles on wheel/rail contact stresses and RCF
were studied in [15, 16]. Hollow worn wheels may lead to false flange contact and result
in high contact stresses with the consequence of more RCF damage to the rail.
Also single track irregularities may influence the formation of RCF. In Paper B this
influence was investigated. It was concluded that an irregularity with an amplitude of
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6 mm and a length of less than 20 m was sufficient to cause RCF. The current alert
limit for lateral alignment (see Table 3.1) is about 6 mm in irregularity amplitude for the
highest line speeds. Thus RCF damage at single irregularities may form even if the alert
limit is not reached.
The coefficient of friction between the wheel and rail also has a significant influence on
the surface degradation of rails. Friction modifiers and lubrication are commonly used in
curves to reduce both wear and RCF [8, 43]. Usually lubrication is applied to the gauge
face and (less commonly) friction modifiers to the top of the rail. The friction coefficient
also varies naturally. In wet conditions the coefficient of friction may be substantially
lower than in dry conditions. In Paper A a study of the influence of the wheel/rail
friction coefficient (varied between 0.3 and 0.6; and the same for both the right and left
rail) showed that an increase of the friction coefficient generally leads to higher RCF
damage magnitudes.
5 RCF prediction directly from track irreg-
ularities
To be able to perform more efficient maintenance, it would be desirable to be able to
predict rail deterioration computationally efficiently. A step in such a direction would be
the ability of predicting wheel/rail contact forces without having to perform multibody
dynamics simulations. A proposed method is based on a system identification of the
results from multibody dynamics simulations, see e.g. [30]. In [31] (which is inspired by the
study in [29]) measured track irregularities are correlated with measured wheel/rail forces.
The measurements were conducted in the DynoTRAIN project where a train was run on
different test tracks. The track irregularities as well as the wheel/rail forces for wagons and
locomotives were measured. Correlations are evaluated between all of the combinations
of irregularity amplitudes, first and second order derivatives of these, and the standard
deviation of wheel forces, maximum wheel forces, and 99.85 percentile of the wheel forces.
The irregularity measures are also characterised by standard deviations, maximum values,
and 99.85 percentiles. For vertical track irregularities and vertical wheel/rail forces the
best correlations were achieved for first order derivatives [31]. Furthermore, in [31] lateral
wheel/rail forces are correlated with first order derivatives of the lateral irregularities
(filtered between 3 and 25 metres) where for a wagon the correlation coefficient is of
roughly the same absolute magnitude as presented in Paper B. It should be noted
that the correlation coefficients presented in [31] were calculated with the irregularities
and wheel/rail forces as 99.85:th percentiles (in addition it is not clear from which test
track the measurements originate and what the pertinent curve distribution is). Also in
[26] measurements of wheel/rail forces are correlated with measured track irregularities.
The measurements were performed with a high-speed passenger train with speeds up to
300 km/h. Lateral track shift forces (99.85 percentile) of the trailing axle of the bogie
showed rather poor correlation with the lateral amplitudes.
In Paper B correlations between predicted tangential (i.e. lateral and longitudinal)
wheel/rail contact forces in the track plane and lateral track irregularities are studied. The
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main conclusion is that the best correlation is achieved between the magnitude of the first
order derivatives of the lateral irregularities and tangential wheel/rail forces of the outer
leading wheel in the first bogie. Correlations between the tangential wheel/rail forces
and the amplitude of the irregularity, and the second order derivative of the irregularity
were poor. Furthermore, the correlation depended on the curve radius where small radius
curves produced higher correlation coefficients than large radius curves.
6 Summary of appended papers
Paper A, A numerical study of the influence of lateral geometry irregularities on mechan-
ical deterioration of freight tracks. Measured track geometry and irregularities from the
Iron ore line are employed in multibody dynamics simulations featuring two different vehi-
cle models (Iron ore wagon with three-piece bogies and a freight wagon with Y25-bogies).
The measured lateral irregularities were scaled to mimic different states of a laterally
deteriorated track. Also the wheel/rail friction coefficient was varied between 0.3 and 0.6
(a nominal coefficient of friction of 0.4). A roughly linear relationship between the standard
deviations of the lateral irregularities and track shift forces was found. Furthermore, a
variation to the wheel/rail friction coefficient did not give any significant influence on the
track shift forces. RCF was studied with both a shakedown map based criterion (FIsurf)
and a wear number based criterion (Tγ). At sharp curves the portion of the high rail
where RCF is predicted decreases with increasing lateral track irregularities. For these
sharp curves the damage shifts from pure wear for low levels of lateral irregularities to a
mix of wear and RCF for higher levels of lateral irregularities. For shallow curves the
length of rail affected by RCF increases for increasing levels of lateral irregularities. An
increase of the friction coefficient generally leads to a higher RCF damage magnitudes.
Paper B, The influence of track geometry irregularities on rolling contact fatigue. Both
single lateral irregularities and lateral irregularities generated from PSD:s are employed
in multibody simulations featuring a freight wagon with Y25-bogies. Single lateral ir-
regularities were applied to a straight track to study which irregularity amplitude and
length that will cause RCF. The generated random lateral irregularities were applied
to curves with radii ranging between 500 to 3000 metres. Similar results were obtained
as in Paper A i.e. for shallow curves (radii larger than 1250 metres) the length of
track affected by RCF increases with increasing levels of lateral irregularities. The 95:th
percentile magnitude of FIsurf is not significantly affected by an increase in the level of
lateral irregularities for curves with a radii of 2000 metres or less. Furthermore, lateral
irregularities in wavelength spans (2–10 metres, 10–25 metres and 10–50 metres) have
been amplified in these simulations. For curves larger than 1250 metres it was found that
the amplification of the irregularities in the longer wavelength spans increased RCF the
most (both in terms of length of track affected and the 95:th percentile of FIsurf). Also a
correlation study between predicted tangential wheel forces in the track plane and lateral
irregularities (amplitudes of the irregularities, first order derivatives and second order
derivatives) was conducted. No significant correlation was found.
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7 Concluding remarks and future work
In this thesis the influence of lateral track geometry irregularities on deterioration of
rails and track geometry is investigated employing multibody dynamics simulations. The
basic methodology used is to employ different levels of laterally degraded track geometry
(i.e. lateral track irregularities) to investigate how track shift forces and RCF of rails are
affected.
Measured lateral track irregularities were found to follow a normal distribution reason-
ably well. Furthermore, the standard deviation of track shift forces was shown to have
a roughly linear relationship with the standard deviation of the lateral irregularities. A
drawback with the linear relationship is that it is vehicle dependent.
The influence of the level of lateral track irregularities on RCF of rails differs depending
on the curve radius. For large curve radii an increase of the level of lateral track
irregularities gives an increase in the rail length affected by RCF. The opposite is predicted
for small curve radii where the length of rail affected by RCF decreases with increasing
levels of lateral track irregularities. For the small curve radii it was shown that the
degradation mechanism shifts from pure wear for low levels of lateral irregularities to
a mixed wear/RCF degradation for higher levels of lateral irregularities. Amplification
of lateral irregularities in different wavelength spans revealed that an amplification of
longer wavelengths (between 10–50 metres) had the largest influence on the length of rail
affected by RCF in shallow curves.
A correlation study between lateral track irregularities and tangential wheel/rail
contact forces as quantified by the amplitude of the irregularity, first and second order
derivative of irregularities did not reveal any significant correlation.
Looking back to the aims of this project (see Section 1.2), the second point in the list is
highly prioritised. This point concerning the deterioration of wheels, has more or less been
omitted in this thesis and will have more focus in the continuation of the project (although
it is the focus of another study in the project [11]). Furthermore, the influence of worn
wheel and rail profiles on RCF will be studied. Prediction of wheel/rail contact forces
with higher accuracy and more computationally efficient (i.e. without multibody dynamics
simulations) could be a topic of interest for infrastructure managers. An approach where
a system identification is performed from results of multibody dynamics simulations might
be feasible here.
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